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PennsylvaniaABSTRACT In Escherichia coli, the ratio of the two most abundant chemoreceptors, Tar/Tsr, has become the focus of much
attention in bacterial taxis studies. This ratio has been shown to change under various growth conditions and to determine the
response of the bacteria to the environment. Here, we present a study that makes a quantitative link between the ratio Tar/Tsr
and the favored temperature of the cell in a temperature gradient and in various chemical environments. From the steady-state
density-profile of bacteria with one dominant thermo-sensor, Tar or Tsr, we deduce the response function of each receptor to
temperature changes. Using the response functions of both receptors, we determine the relationship between the favored tem-
perature of wild-type bacteria with mixed clusters of receptors and the receptor ratio. Our model is based on the assumption that
the behavior of a wild-type bacterium in a temperature gradient is determined by a linear combination of the independent re-
sponses of the two receptors, factored by the receptor’s relative abundance in the bacterium. This is confirmed by comparing
our model predictions with measurements of the steady-state density-profile of several bacterial populations in a temperature
gradient. Our results reveal that the density-profile of wild-type bacteria can be accurately described by measuring the distribu-
tion of the ratio Tar/Tsr in the population, which is then used to divide the population into groups with distinct Tar/Tsr values,
whose behavior can be described in terms of independent Gaussian distributions. Each of these Gaussians is centered about
the favored temperature of the subpopulation, which is determined by the receptor ratio, and has a width defined by the temper-
ature-dependent speed and persistence time.INTRODUCTIONThermotaxis is critical for the survival of microorganisms,
which lack internal mechanisms for regulating their cellular
temperature. In addition, thermal cues can help microorgan-
isms navigate their surroundings in search of specific targets
(1–3). It has been suggested, for example, that mammalian
sperm cells navigate toward the egg guided by ovulation-
dependent temperature differences within the female genital
tract (1). Similarly, bacteria follow thermal gradients to
colonize certain regions, form biofilms, and infect host
cells or tissues. An interesting aspect of thermotaxis is
the precision sensing associated with the ability of many
microorganisms to find a specific temperature in their
environment. In the case of Escherichia coli, it was first
established by Maeda et al. (4) that the bacteria accumulate
at an intermediate temperature within a gradient. Subse-
quent experiments on bacterial thermotaxis identified the
thermo-sensing properties of the receptors and the response
regulation network (5–7).
Today we know that in E. coli, temperature, pH, and
chemicals are detected by a shared set of five species of
trans-membrane receptors (8,9). In wild-type (wt) bacteria,
the response to temperature is dominated by the two most
abundant receptors, Tar and Tsr (10). The response of
each receptor to temperature depends on the receptor’sSubmitted August 25, 2014, and accepted for publication April 6, 2015.
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0006-3495/15/05/2427/10 $2.00methylation level, which is affected by the temperature itself
as well as the chemical environment (5–7,10). Tar is a
heat-seeking receptor when nonmethylated but becomes
cold-seeking with the methylation of a single residue (6).
Tsr is a warmth-seeking receptor at low methylation levels,
but becomes insensitive to temperature changes at high
methylation levels. Thus, Tar in the presence of receptor-
binding ligands, such as aspartate, maltose, or glutamate,
and at elevated temperatures, is cold-seeking (5–7). On
the other hand, Tsr in the presence of receptor-binding
ligands such as serine and glycine, and at elevated temper-
atures, is insensitive to temperature changes (5,10). The
methylation of each receptor is also influenced by the inter-
nal and external pH, which is itself affected by temperature,
with increased methylation of Tsr at high pH and increased
methylation of Tar at low pH (11,12).
The signals received through Tar and Tsr receptors are in-
tegrated by the bacteria to produce a single output in the
form of increasing or decreasing the phosphorylation of
the response regulator protein CheY, which regulates
the flagellar motor switching frequency (13). Therefore,
changes in the relative number of each type of receptor
can change the response of the bacteria to their environment
(10,12,14). Specifically with respect to temperature, we pre-
viously found that bacteria switch from heat-seeking to
cold-seeking when grown above a critical concentration in
batch mode (10). Our results show that the switch in the
temperature response is initiated by the changes in thehttp://dx.doi.org/10.1016/j.bpj.2015.04.016
2428 Yoney and Salmanchemical environment and is later reinforced by a switch in
the ratio Tar/Tsr, with Tar becoming more abundantly ex-
pressed than Tsr. While this study shows that the response
of bacteria to a temperature gradient can be one of two
opposing responses, the possibility of a gradual change in
temperature response as a function of Tar/Tsr has not been
tested. In addition, even though the response of different re-
ceptors to temperature has been qualitatively described, a
quantitative understanding of the cell response to thermal
changes and an accurate description of the cell behavior in
a temperature gradient are still lacking. This is in part due
to the fact that Tar and Tsr, like all other proteins in the
cell, exhibit wide, inherent cell-to-cell variability. Because
the favored temperature seems to be dependent on the ratio
Tar/Tsr, we expect that it will be different for different cells
or groups of cells within a population. This behavioral vari-
ability might play an important role in the population’s
behavior and fitness in a temperature gradient, and it is
important to characterize in order to understand bacterial
thermotaxis quantitatively.
In this study, we use a simple two-state model of the re-
ceptors’ response to temperature to quantitatively explain
the steady-state cell density-profile of mutant strains of
bacteria lacking one of the two major thermosensing re-
ceptors, Tar or Tsr, in a temperature gradient. We estimate
the maximum strength of each receptor’s response to tem-
perature, and based on these measurements, we propose
a model that determines the accumulation temperature
of wt bacteria, with mixed receptors clusters. Our model
assumes that the favored temperature of the cell is the
temperature where the cell response switches from being
Tsr-controlled (heat-seeking) to being Tar-controlled
(cold-seeking). The model is validated by comparison to
the experimentally measured accumulation temperature
of wt bacterial populations with different average ratios
of Tar/Tsr and in different chemical environments. We
further show that the density-profile of wt bacteria in a
temperature gradient is accurately described using the
measured population variability of the ratio Tar/Tsr. The
histogram of Tar/Tsr expression is used to quantify the
fraction of cells belonging to subpopulations with distinct
ratios, each of which is assigned an accumulation temper-
ature in the gradient calculated by our model. Our results
are consistent with the predictions of a theoretical model
proposed by Jiang et al. (15), and provide, to our knowl-
edge, the first quantitative measurements of the effect of
the ratio Tar/Tsr and the chemical environment on the
response of bacteria to temperature.MATERIALS AND METHODS
Bacterial strains and growth conditions
The wt E. coli strain RP437 was used to measure the response of the bac-
teria to a temperature gradient. The mutant strains RP2361 (Dtar) andBiophysical Journal 108(10) 2427–2436HCB317 (Dtsr) were used to characterize the response in the absence of
Tar and Tsr, respectively. All strains used in the response measurements
were visualized by YFP fluorescence, which was expressed constitutively
from a plasmid (pZA3R-YFP). The strains RPA1V2C, RPA1V, and
RPA2C, which were derived from RP437 following the methods presented
in Datsenko and Wanner (16), were used to measure the distributions of Tar
and Tsr expression by flow cytometry. In RPA1V2C and RPA2C, the gene
of the red fluorescent proteinmcherrywas inserted into the genome in place
of tar. In RPA1V2C and RPA1V, the gene of the yellow fluorescent protein
venus was inserted into the genome in place of tsr. The fluorescent reporters
were placed under the control of the native promoters and ribosome-binding
sites. In all experiments, bacterial cultures were launched from a frozen
stock and grown overnight at 30C in M9CG (M9 minimal medium supple-
mented with 1 g L1 casamino acids and 4 g L1 glucose) to optical density
(OD) at 600 nm <0.1 (~1.25  107 cells cm3), corresponding to early
exponential phase. It was diluted 1:100 into fresh M9CG the following
morning, and was further grown under the same conditions to different
ODs, as required.Receptor copy number measurements and ratio
calibration
Overnight bacterial cultures were grown and diluted as described above.
Samples were harvested from the diluted cultures at different ODs, placed
on ice for 5–10 min to reduce cell motility, and subsequently centrifuged for
5 min at 10,000 rpm. The supernatant was removed and the bacteria were
suspended in fixing buffer (1.5% formaldehyde in 10 mM phosphate buffer,
pH ~7.4) at OD ~0.6. The sample was incubated for 30 min at room tem-
perature while mixing. The fixative was then removed by centrifugation,
and the bacteria were washed and resuspended in 10 mM phosphate buffer
(pH ~7.4), and stored overnight at 4C. Two-color fluorescence data
was collected from all strains (RPA1V2C, RPA1V, and RPA2C) by flow cy-
tometry from 100,000 cells in each sample. The fluorescence data of the
two-color strain (RPA1V2C) was corrected by subtracting the background
fluorescence obtained from the RPA1V strain (for red) and from the RPA2C
strain (for yellow). This allowed us to correct for bacterial autofluorescence,
as well as leakage between fluorescence channels.
In addition, using the one-step RT-PCR method described in Salman and
Libchaber (10), we measured the ratio of the average amounts of mRNA
expressed from both tar and tsr genes in RP437 bacteria grown under the
same conditions detailed above. Our measurement of the average Tar
mRNA divided by average Tsr mRNA (hTarmRNAi/hTsrmRNAi) at low OD
yields a ratio of 0.5515 0.094, consistent with a previously published pro-
tein ratio of 0.562 (17). Therefore we used the mRNA ratio to calibrate our
fluorescence measurements to the actual ratio of Tar/Tsr. For that purpose,
the ratio hTarmRNAi/hTsrmRNAi was plotted as a function of hredi/hgreeni
(each averaged across the population separately), and fitted to a linear func-
tion used afterward to calculate the ratio Tar/Tsr from the red/green data
(Fig. S1 in the Supporting Material). The intercept of the fit is close to
zero, which we expect because the background fluorescence has been
removed. The slope represents a constant scaling, which accounts for the
proportionality between protein and fluorescence intensity for each reporter
construct. We are aware that there is a range of values for Tar and Tsr
expression reported in the literature and that the expression level depends
on growth medium and culture density. However, our analysis does not
depend on the absolute number of receptors because the control parameter
that determines the favored temperature is the receptor ratio, as we explain
below. Thus, calibration of the ratio is sufficient for our analyses.Measurements and image analysis of the
response to temperature gradient
To test the thermotactic response as a function of optical density, bacterial
samples were harvested at different ODs by centrifugation, resuspended in
Bacterial Temperature Sensing 2429fresh M9CG or motility buffer (10 mM potassium phosphate, 10 mM so-
dium lactate, 0.1 mM EDTA, and 1 mM L-methionine, pH ¼ 7.0) to OD
~0.3, and incubated at room temperature for 30–40 min while mixing to
allow the cells to adapt to the medium (5). To test the response as a function
of glycine, the sample was washed once with motility buffer and stored in
buffer at room temperature until testing to preserve cell motility and prevent
further growth and expression of Tar and Tsr. Before each measurement, a
fraction of the sample was removed from the buffer by centrifugation, re-
suspended at OD ~0.3 in the testing medium with the desired glycine con-
centration, and incubated at room temperature for 30–40 min.
The response of bacteria to a temperature gradient was measured in thin
PDMS channels adhered to a microscope slide. The temperature gradient
was applied using an infrared laser (l ¼ 1480 nm) focused with a 32
objective into the channel through the glass slide, and the bacteria were
observed with a 10 objective, on an inverted microscope (Axiovert 40
CFL; Carl Zeiss, Oberkochen, Germany) as described previously (10,18).
For each sample, three movies were recorded for 3 min after applying
the temperature gradient at 1/5 frame/second rate, at different locations
within the channels. The temperature profile was estimated from images
of temperature-sensitive dye, BCECF, as described in Braun and Libchaber
(19) and Fig. S2.
Analysis was carried out using the software IMAGEJ (National Insti-
tutes of Health, Bethesda, MD) and a custom MATLAB program (The
MathWorks, Natick, MA). The first frame from each movie was sub-
tracted from all other frames to remove background fluorescence.
The average intensity of the second frame was used to normalize the fluo-
rescence values of the remaining frames. That is, the accumulation of
bacteria (increase in fluorescence) was normalized to the background con-
centration of bacteria. Other normalizations were done as described in the
text and figures. The steady-state profile of the bacteria in the temperature
gradients was extracted by averaging the images of the last 30 s of the
three movies.RESULTS
Temperature-dependent activity of Tsr
To determine the activity (heat-seeking or insensitive) of Tsr
as a function of temperature, we tested the behavior of the
mutant strain RP2361, which lacks Tar (Dtar), in a temper-
ature gradient. The response of these bacteria is determined
primarily by Tsr, and their density-profile in a temperature
gradient can essentially be described by a Fokker-Planck-
type equation (18). Changes in the bacterial density-profile
as a function of time result from both the response of the sin-
gle receptor species to temperature changes, which drive the
bacteria along the temperature gradient, and the flux of the
bacteria due to spatial changes in their concentration:
vnðt; xÞ
vt
¼ VðDVnðt; xÞÞ  VðkðTÞnðt; xÞVTðxÞÞ: (1)
Here, n(t,x) is the density of the bacteria, D is the effective
diffusion coefficient of the bacteria resulting from their
random walk motion, and T(x) is the temperature profile.
The parameter k describes the strength and sign of the
response to an increase in temperature, where henceforth
ks refers to the strength of Tsr response, and ka refers to
the strength of Tar response. For Tsr it has been demon-
strated that k switches from heat-seeking (ks > 0) to insen-
sitive (ks ¼ 0) as a function of its methylation level (5,6)and that the methylation level changes with temperature,
ligand concentration, and pH (5,7,11,12). However, rather
than model the methylation level of the receptors, we
directly link the state of the receptor to the temperature
in the following manner: we assume that the probability
of each receptor to be in one of two states depends on the
temperature-dependent free energy, G(T), associated with
that state, similar to the model of Jiang et al. (15). Using
a first-order approximation to describe the free energy,
the probability of the receptor to be in a heat-seeking state
can be expressed by
p ¼ 1
1þ eT  T0Ts
: (2)
The form of the exponent in Eq. 2 results from a linear
expansion of DG(T)/kBT around T0, where DG(T0) ¼ 0.
Qualitatively, T0 can be considered the switching tempera-
ture and Ts the steepness of the switch. In principal, T0
and Ts can depend on the chemical environment and on
the concentration of ligands associated with the receptor,
which would indicate coupling between temperature and
the chemical signals received by the receptors.
From Eq. 2, k(T) for Tsr can be written as
ksðTÞ ¼ kh
1þ e

T  T0
Ts
; (3)
where kh > 0 in units of mm
2,s1,C1 describes themaximum strength of the response to temperature in the
heat-seeking state.
The steady-state solution to Eq. 1 (with ks of the form
given by Eq. 3) is given by
nðTÞ
nb
¼ ekhðTTbÞD
 
1þ eTbT0Ts
1þ eTT0Ts
!khTs
D
; (4)
where the nb and Tb values are the background cell-density
and temperature, respectively. Equation 4 describes well the
experimental density profiles of the Dtar strain (Fig. 1).
Fitting Eq. 4 to our bacterial density-profiles yields esti-
mates for the parameters T0 and Ts in units of
C and kh/D
in units of C1 (Fig. 1).
Previous studies have shown that both the cell’s swim-
ming speed and persistence time change as a function of
OD (20) and temperature (20–23), which does affect the
effective diffusion coefficient of the bacteria D, and the
strength of their attraction to heat kh. However, the new
parameter kh/D, representing the response function normal-
ized by the effective diffusion coefficient, does not depend
on the characteristics of the cellular motion, such as speed
and persistence time as is evident from its units. This im-
plies that the change in the motility due to temperatureBiophysical Journal 108(10) 2427–2436
FIGURE 1 The response of mutant strains
RP2361 (Dtar) and HCB317 (Dtsr) to a tempera-
ture gradient. (A) RP2361 (Dtar) bacteria are
heat-seeking below ~30C above which tempera-
ture they become insensitive to temperature
changes (solid circles, left y axis). (Solid line) Fit
of the model (Eq. 4), which yields the following
parameters: T0 ¼ 30.5 5 0.5C, Ts ¼ 2.5 5
0.2C, and kh/D ¼ 0.58 5 0.04C1. In nutrient-
rich medium, HCB317 (Dtsr) bacteria are cold-
seeking below ~37C above which temperature
they also become insensitive to temperature
changes (open circles, right y axis). (Dashed
line) Fit of the model (Eq. 4), yielding the
following parameters for the switching behavior
of Tar used in subsequent analyses: T0 ¼ 36.4 5
0.9C, Ts ¼ 1.8 5 1.3C, and kh/D ¼ 0.11 
0.01C1. Each experimental density-profile is
the average of three biological replicates. (B) The
level of RP2361 (Dtar) accumulation is reduced
with added glycine. (Solid circles) Bacteria in
M9CG, which contains 0.1 mM glycine.
(Decreasing levels of shading) 2, 4, and 10 mM
additional glycine. The responses are scaled by
the maximum value of the accumulation in
M9CG. (C) Adding glycine to the medium reduces
the maximum response of Tsr to temperature by
reducing the magnitude of kh. (Solid line) Hill
function of the form used in Sourjik and Berg (24) with a Hill coefficient of 6. The Hill function fit value at 0.1 mM glycine: kh/D ¼ 0.56 5 0.06C1,
which corresponds to M9CG medium, is used to describe the switching behavior of Tsr in subsequent analyses. (D) The model parameter Ts is also reduced
with the addition of glycine to the medium (open squares and solid line to guide the eye, right y axis). However, T0 (solid squares, left y axis) appears to be
independent of Tsr ligands with a mean over glycine concentrations of 29.75 0.4C (light shaded line), which is used to describe the switching behavior of
Tsr in subsequent analyses. Error bars in (A) and (B) represent SD of the binned data. (C and D) Error bars represent the 95% confidence interval of the
parameter estimates. Note that the data for RP2361 (Dtar) in M9CG is from different sets of experiments in (A) and (B)–(D). However, the parameter es-
timates from each experiment fall within the same error range. To see this figure in color, go online.
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rial favored temperature.
Our parameter estimations carried out in this manner
indicate that Tsr remains heating-seeking below a critical
temperature (~30C in rich medium and ~33C in motility
buffer with no nutrients added), above which the receptor
becomes insensitive to temperature changes (Figs. 1 and
S3). It is important to note here that the magnitudes of
kh/D and Ts are also different in medium compared to
motility buffer (Figs. 1 and S3). These differences in the
values of T0, Ts, and kh/D, are likely due to physiological
changes in the bacteria in the presence of nutrients (21).
The density-profile of the Dtar strain in M9CG is well
described by the response function given in Eq. 3, with
the following parameters: T0 ¼ 30.5 5 0.5C, Ts ¼ 2.5
5 0.2C, and kh/D ¼ 0.585 0.04C1 (Fig. 1 A).
Further tests of the Dtar strain in the M9CG medium sup-
plemented with additional glycine demonstrate that the
qualitative response of Tsr as a function of temperature
does not change when the concentration of receptor-binding
ligand in the medium is increased, i.e., it switches from
heat-seeking to insensitive with increasing temperature
(Fig. 1 B). However, our results indicate that kh/D and Ts
change quantitatively as a function of the glycine concentra-Biophysical Journal 108(10) 2427–2436tion (Fig. 1, C and D). The behavior of kh/D as a function of
glycine in both M9CG (Fig. 1 C) and motility buffer
(Fig. S3) can be described by a Hill function with a Hill co-
efficient of h¼ 6 (24) similar to the reduction of the chemo-
tactic response at increasing levels of ligands described in
previous studies of chemotaxis, presumed to be due to the
degree of cooperativity of the receptors as determined by
their cluster size (24,25). The reduction of kh/D is attributed
to an increase in the methylation level of Tsr due to the in-
crease in the background glycine concentration, which re-
duces the fraction of heat-seeking receptors in the cell.
This result is consistent with immunoblotting experiments,
which show that increasing ligand concentration gradually
increases the number of highly methylated receptors while
maintaining a large fraction of the receptors unmethylated
(12). In addition, we also find that an increase in glycine
levels increases the rate at which the activity of Tsr de-
creases to zero near the critical temperature, i.e., Ts de-
creases with increasing glycine concentration (Fig. 1 D).
Nonetheless, the receptors that remain heat-seeking main-
tain their activity up to the same critical temperature, i.e.,
T0 is independent of ligand concentration (Fig. 1 D). These
experiments are equivalent to synthetically reducing the
copy number of Tsr receptors in the cell without changing
Bacterial Temperature Sensing 2431the copy number of Tar. This is expected to shift the accu-
mulation temperature of the bacteria toward lower tempera-
ture, as we demonstrate below.Temperature-dependent activity of Tar
The activity of Tar as a function of temperature was deter-
mined using the mutant strain HCB317, which lacks Tsr
(Dtsr), in a manner similar to that described in the previous
section. The response of these bacteria is determined primar-
ily by Tar, and their steady-state density-profile in a tempera-
ture gradient can also be described by Eq. 1, albeit with a
different response function ka(T). Tar has been shown to
switch from heating-seeking (ka > 0) to cold-seeking (ka <
0) upon methylation of one of its methyl-accepting sites (6).
In a richmedium, however, Tar is always cold-seeking. There-
fore, in M9CG we initially set the response function ka(T) in
Eq. 1 to be constant, ka(T) ¼ kh < 0. Fitting the measured
steady-state cell density-profile to Eq. 4 with an escape
response that is independent of temperature,we donot capture
the bacterial density-profile over the full rangeof temperature.
Instead, we find that the density-profile of the Dtsr strain is
best described by a response function in which Tar is cold-
seeking at low temperature and insensitive at very high tem-
perature, which, similar to the response of Tsr, can be
described by Eq. 3, with the following parameters: T0 ¼
36.4 5 0.9C, Ts ¼ 1.8 5 1.3C, and kh/D ¼ 0.11 5
0.01C1 (Fig. 1 A). The cold-seeking behavior of Tar results
from the fact that the receptor is easily methylated in the pres-
ence of high concentrations of its primary ligand, aspartate, in
themediumused here (5,6,10). The insensitivity ofTar to tem-
perature changes at high temperature has not been reported
before. However, because this switch occurs at temperatures
higher than ~37C, it could be the result of other physiological
changes within the cell due to high temperature. In motility
buffer, on the other hand, the steady-state density profile of
theDtsr strain in the temperaturegradient iswell described us-
ing a response function that switches from heat-seeking to
cold-seeking. The results presented in Fig. S3 show that the
switch to a negative response appears above ~37C, as in
the case of rich medium. The strength of the negative
response, however, is nearly zero, kh/D ¼ 1.8  103 5
1.6 103C1, indicating that Tar might not exhibit a nega-
tive response in a medium lacking nutrients at all. Alterna-
tively, because the switch occurs at a temperature above
~37C in such a medium, the response might be low due to
the physiological state of the cell at these temperatures.The response of wild-type bacteria to a
temperature gradient
In a medium lacking nutrients, Tar and Tsr exhibit a positive
(heat-seeking) response to temperature increases when
the background temperature is <30C. A rise in the back-
ground temperature increases the methylation state of bothreceptors. As a result, Tsr becomes insensitive to tempera-
ture changes, and Tar exhibits a negative (cold-seeking)
response to increasing temperature. Because, the state of
Tsr switches at a lower temperature than Tar, the tempera-
ture at which wt bacteria will inverse their response is deter-
mined by the Tar switch. This has been demonstrated
experimentally by Paster and Ryu (7) and explained theoret-
ically by Jiang et al. (15). Consequently, in this context, a
change in the relative expression levels of the receptors
does not affect the behavior of bacteria in a temperature
gradient (Fig. S4).
However, in a rich medium, Tar is cold-seeking already at
temperatures <30C, as demonstrated in Fig. 1 A (see also
Salman and Libchaber (10)), and the bacteria receive con-
flicting signals from Tar and Tsr. The strength of each signal
depends on the relative copy number of the mediating recep-
tor, and therefore, it is expected that the bacteria’s favored
temperature will change with the ratio Tar/Tsr.
In an earlier study, we showed that the ratio of the average
Tar copy number to the average Tsr copy number (hTari/
hTsri) changes as the bacteria grow denser in batch culture.
This change causes the bacteria to switch from favoring heat
to favoring cold when subjected to a temperature gradient
between 18C and 30C (10). Here, by increasing the tem-
perature gradient to range from 23C to 50C, we observe
that 1) the bacterial accumulation temperature decreases
gradually (Fig. 2, A and B) rather than exhibiting a sharp
switch from heat-seeking to cold-seeking and 2) the accu-
mulation temperature decreases with the increase of the
average ratio of Tar/Tsr (Fig. 2 C).
When a bacterium receives two conflicting signals, the
favored temperature is expected to be the point at which
these signals balance each other, as in the mechanism
recently reported for pH sensing (12,26). Nevertheless,
quantitative description of the bacterial temperature sensing
is not trivial. As a result of the natural variability in protein
expression within a population, each bacterium is expected
to have a distinct number of Tar and Tsr receptors. If indeed
the favored temperature is determined by the balance be-
tween the Tsr and Tar signals, then the favored temperature
will be different from cell to cell. Therefore, at the level of
the population, the temperature of the peak accumulation
will correspond to the most abundant ratio of Tar to Tsr,
which is different from hTari/hTsri due to strong correlation
between the expression levels of Tar and Tsr (Fig. S5). This
can complicate the determination of the population density-
profile, because it will not be due to accumulation around
one temperature with a spread caused by their density
gradient, as in the case of a single receptor species. To
address this problem, it is therefore required to measure
the variability in Tar/Tsr and to determine the favored tem-
perature for each ratio, separately.
In the following sections, we propose a model to describe
the observed population density-profile in a temperature
gradient and describe how it changes with the Tar/TsrBiophysical Journal 108(10) 2427–2436
FIGURE 2 Change in the bacteria’s accumula-
tion temperature with culture density in batch
mode. (A) In a temperature gradient, the bacterial
accumulation moves toward lower temperatures
with increasing culture density (OD from left to
right, 0.08, 0.12, 0.18, 0.43, and 0.55). The images
are taken 3 min after the temperature gradient is
applied with the minimum and maximum intensity
of each image adjusted to the range of the leftmost
image. (B) Steady-state density-profiles of the
samples in (A). Error bars indicate the 30-s time-
averaged SD at each radial position. (Inset)
Applied temperature gradient. (C) The increase
in the ratio hTar/Tsri (circles and squares corre-
spond to two different measurements) is propor-
tional to the increase in the culture density. Note
that this measurement is different from previously
published measurements of the ratio of average Tar
to average Tsr (hTari/hTsri) due to the strong cor-
relation between the expression of both receptors
(see Fig. S5). To see this figure in color, go online.
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to experimental data.The bacterial favored temperature and the
receptors’ ratio Tar/Tsr
After determining the individual response of each of the re-
ceptors, Tar and Tsr, to temperature and the influence of the
chemical environment on their response, we turn to charac-
terizing the behavior of the wt bacteria with clusters of
mixed receptors. In wt bacteria, the relative strength of the
signal from each receptor type can be defined as the recep-
tor’s relative abundance, na,s/N (where na and ns are the
numbers of Tar and Tsr receptors, respectively, and N is
the total number of Tar and Tsr receptors in the cell), multi-
plied by the response strength of an individual receptor,
ka,s(T, [L]), where [L] is the ligand concentration:
kðTÞ ¼ na
N
kaðTÞ þ ns
N
ksðTÞ: (5)
Note that the relative abundancewas not considered in the sin-
gle receptor species because it is ‘‘1’’ in that case. In a
nutrient-free environment, the favored temperature should
not change with the ratio of Tar/Tsr as discussed earlier (see
also Fig. S4). In a nutrient-rich medium, such as M9CG,
Tar has a negative response already at temperatures <30C.
This in turn introduces a competition between the two recep-
tor species, and the expression levels of Tar and Tsr in each
bacterium are expected to become an important factor in
determining its favored temperature. This temperature is
where the response function k(T) is equal to zero (Fig. 3).
At the temperature Tf where k(Tf)¼ 0, the response of the
bacteria switches from being heat-seeking for T < Tf to be-
ing cold-seeking for T > Tf. As a result, the bacteria will
accumulate at Tf. Setting the left-hand side of Eq. 5 to
zero and solving for na/ns reveals that the ratio of the recep-Biophysical Journal 108(10) 2427–2436tors, rather than their absolute number, determines the
favored temperature. That is, for each ratio na/ns, there is
a value of Tf, which satisfies
na
ns
¼
ks

Tf ; ½L

ka

Tf

:
In addition, the maximum strength of Tsr attraction, (ns/N)
kh,s, can be altered by changing the relative abundance of
Tsr receptors or by changing kh through the addition of
Tsr-binding ligands, which increases the methylation state
of Tsr receptors causing more receptors to be inactive. On
the other hand, in medium the maximum strength of Tar
repulsion, (na/N)kh,a, can be altered only by changing the
relative abundance of Tar receptors.
To test these predictions, we measured the distribution of
wt E. coli bacteria with different relative levels of Tar and
Tsr in a temperature gradient (Fig. 4 A). Different average
ratios were obtained by allowing the bacteria to grow to
different densities in batch mode (Fig. 2 C). Note that the ef-
fect of cell density on the cell motility, which has been char-
acterized previously (20), does not play a role in determining
the favored temperature because the dependence of both ks
and ka on the motility characteristics is the same and the
favored temperature is determined by their ratio:
ks
ka
¼ na
ns
:
However, making a link between the ratio Tar/Tsr and the
favored temperature of the bacteria is confounded by the
wide variability in the expression of Tar, Tsr, and Tar/Tsr
across the population, revealed by single-cell measurements
described in Materials and Methods (Fig. 4 B).
To circumvent this problem, we used the measured distri-
bution of Tar/Tsr to correlate the peak of the bacterial cell
FIGURE 3 Bacteria are predicted to accumulate at the balance point be-
tween opposing responses from Tar and Tsr. The favored temperature of
bacteria containing mixed receptor clusters can be predicted to occur at
the temperature at which the magnitude of the opposing responses of Tar
and Tsr balance, i.e., the zero-crossing (solid lines indicated by the open
circles, which are the sums of various combinations of Tar and Tsr re-
sponses). Increasing the ratio Tar/Tsr from 0.5 to 2 by increasing the rela-
tive number of Tar (dotted light shading to dotted darker line) with Tsr fixed
(dashed dark line) causes the total response function to change (light to
dark shading), and as a result the accumulation point shifts from 34.6C
to 30.6C (solid arrow). Likewise, for a fixed ratio of 0.5, reducing the
response of Tsr with added glycine (dashed dark to dashed shaded line)
changes the total response function (solid light shaded to solid medium
shaded line), and shifts the accumulation point from 34.6C to 32.8C
(shaded arrow). The magnitude of ka(T) was calculated using the parame-
ters given in Fig. 1 A. The magnitude of ks(T) was calculated using the pa-
rameters given in Fig. 1, C and D, for M9CG and M9CG þ 1 mM glycine.
To see this figure in color, go online.
FIGURE 4 The shift of bacterial favored temperature with increasing ra-
tio Tar/Tsr. (A) The three accumulation profiles shown in Fig. 2, A and B,
are plotted as a function of temperature and normalized between 0 at the
background and 1 at the peak (dashed lines). (B) Increasing OD corre-
sponds to increasing the ratio Tar/Tsr. The most abundant ratio is indicated
(dashed lines). The Tar/Tsr distributions correspond to wt bacteria grown to
the following ODs: 0.05 (light-shaded circles), 0.30 (medium-shaded
squares), and 0.51 (solid triangles). (Solid lines) Drawn to guide the eye.
To see this figure in color, go online.
Bacterial Temperature Sensing 2433density-profile in the temperature gradient to the most abun-
dant ratio Tar/Tsr. This correlation is more accurate if made
between the statistical modes of Tar/Tsr distribution and the
cell density-profile rather than the population average,
which in this case depends also on the temperature profile
as well as the bacterial density-profile.
We find that in a nutrient-rich environment, the accumu-
lation temperature of the bacteria as a function of Tar/Tsr
tested over several experiments falls onto a single curve
that is well described by the theoretical calculation pre-
sented above (Fig. 5 A). Our theoretical calculation de-
scribes as well the effect of glycine on the favored
temperature. As explained above (see Fig. 3), adding
glycine to the medium reduces kh,s and Ts and changes the
point at which jnaka(T)j ¼ jnsks(T, [L])j, as depicted in the
inset of Fig. 5 A.Variability in the ratio Tar/Tsr and the population
distribution in a temperature gradient
The shift in favored temperature due to changes in Tar/Tsr
implies that cells expressing different relative levels of Tarand Tsr will favor different locations in the same gradient.
Thus, when a population of bacteria is subjected to a tem-
perature gradient, its density-profile along the gradient
should in fact reflect the distribution of the expression ratio
Tar/Tsr. To test this hypothesis, we used the distribution of
Tar/Tsr measured earlier. This distribution was binned ac-
cording to Tar/Tsr and each bin was assigned a favored tem-
perature with steps of 1C according to the graph in Fig. 5 A
(see the Supporting Material for details). The location of
each temperature (and thus the bacterial subpopulation
that favors that temperature) was calculated from the tem-
perature profile. Each subpopulation, however, was allowed
to diffuse around their favored temperature producing a
local Gaussian distribution about that location. The widthBiophysical Journal 108(10) 2427–2436
FIGURE 5 Comparison between theoretical predictions and experi-
ments. (A) The peak of wt bacteria with different ratios of Tar/Tsr follows
the curve predicted by the balance between the response of the two recep-
tors in M9CG, i.e., where na/ns ¼ jks(T, [L])/ka(T)j. The error in the ratio
corresponds to the error in OD determined from the spectrophotometer to
be 50.05. As shown in Fig. 2 C, the ratio increases sharply around
OD ¼ 0.6, resulting in the large error in the determination of the ratio in
these populations. The error in temperature corresponds to the width of
the peak in the gradient. (Inset) Theoretical curve for M9CG (solid line),
M9CG þ 1.4 mM glycine (dashed medium shaded line), and, M9CG þ
4 mM glycine (dotted light shaded line). The points correspond to the accu-
mulation of bacteria (OD ¼ 0.1) in M9CG (solid circle), M9CG þ 1.4 mM
glycine (medium shaded circle), and M9CG þ 4 mM glycine (light shaded
circle). (B) The distribution of wt bacteria in the gradient can be described
by placing distinct populations within the gradient based on the Tar/Tsr of
that subpopulation and allowing those bacteria to diffuse around that tem-
perature. Comparison between data and theory (solid lines) are shown for
bacteria populations in Figs. 2 and 4 for ODs: 0.08 (light shaded circles),
0.43 (medium shaded squares), and 0.55 (solid triangles). The data are
scaled between 0 and 1 to show the shift in the peak (light and medium
shading) and the escape response (solid). Error bars represent SD of the
binned data. To see this figure in color, go online.
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2434 Yoney and Salmanof each Gaussian, s, was assigned the value 2Dt, as is the
case for diffusion in one dimension, with D ¼ v2t and t ¼
t, where v is the bacterial swimming speed and t is the
persistence time of the bacteria. Both v and t have been
measured in a previous work (21) and were found to be tem-
perature-dependent (Fig. S6). The final density-profile of the
bacterial population in the temperature gradient was then
calculated by summing all the Gaussian distributions. These
calculations for three different populations, with distinct
Tar/Tsr distributions, are presented in Fig. 5 B together
with the measured bacterial profile for populations with
similar Tar/Tsr distributions. Our calculations exhibit sub-
stantial agreement with the measurements, providing further
verification of our model.DISCUSSION
In this study, we provide a quantitative description of the
correlation between the ratio of the sensing receptors Tar/
Tsr and the bacterial favored temperature in a nutrient-
rich environment. By measuring the response to temperature
of bacteria lacking one of these two receptors, we measure
the response function of the other receptor to temperature.
Our results show that in a nutrient-rich environment, the
response function of Tsr is positive (reduces the switching
events frequency of the flagellar motor in response to in-
crease in the temperature, i.e., it is heat-seeking) until
~30C, after which it decays to zero (no change in the
flagellar motor switching frequency in response to tempera-
ture changes) over a range of ~2C. The response function
of Tar is similar to that of Tsr; however, it starts as negative
in the low temperature regime (reduces the frequency of
switching events of the flagellar motor in response to de-
creases in the temperature, i.e., it is cold-seeking), and
decays to zero for temperatures higher than ~37C, presum-
ably due to the effect of high temperature on the physiolog-
ical state of the bacterial cell as a whole. Based on these
measurements, we estimate the relative strength of each re-
ceptor species to temperature changes, which we find to be
fivefold greater for Tsr than it is for Tar in the active regime
(jkh,s/kh,aj ¼ j0.56/0.11j ¼ 5.1). We also propose a model
that links Tar/Tsr to the favored temperature of wt bacteria
with both receptor species.
Our model predicts that the favored temperature for each
bacterium is the temperature where the response of the bac-
terium switches from being Tsr-controlled to being Tar-
controlled. These results are confirmed by our experimental
measurements of the favored temperature for several bacte-
rial populations with different average Tar/Tsr. Our model
also describes well the steady-state density-profile of a wt
bacterial population in a temperature gradient. This is
achieved by dividing the bacterial population into sub-
groups according to their Tar/Tsr and allowing each sub-
group to diffuse around its favored temperature. The
diffusion range, however, is also temperature-dependent
Bacterial Temperature Sensing 2435due to the effect of temperature on the swimming speed and
persistence time.
Furthermore, we have tested the effect of attractants that
interact with one of the receptors on the overall behavior of
the bacteria. We find that in nutrient-rich environments, Tsr
attractants such as glycine alter the favored temperature of
the bacteria. Glycine increases the methylation level of
Tsr and, therefore, changes its response function to temper-
ature variations. Our results show that the effect of glycine
appears in the response function of Tsr in two ways. The
first is by reducing the number of active receptors and, there-
fore, the relative fraction of heat-seeking receptors in the
bacteria. The second is by decreasing the range of tempera-
ture (Ts) over which the Tsr activity decays to zero around
the critical temperature (T0). Both of these effects lead to
a decrease in the favored temperature of bacteria, as pre-
dicted previously (15).
In summary, we have previously shown that the ratio of
Tar/Tsr determines the direction of bacterial migration in
a temperature gradient (10), and later theoretical works
have described possible mechanisms of precision sensing
of temperature as well as pH in bacteria (15,26,27). The re-
sults presented here stand in good agreement with, and
extend, these studies. It is important to note, though, that
while the shift in the pH preference has also been explained
by changes in the ratio Tar/Tsr (12,26), the response of the
bacteria to temperature is the opposite of that to pH. That is,
as the ratio Tar/Tsr increases, bacteria move toward colder
temperatures corresponding to regions of higher external
pH (21), whereas Yang and Sourjik (12) found that
increasing Tar/Tsr shifts the inversion point of the pH
response to lower values. This is clear evidence that the tem-
perature-sensing mechanism in these receptors is indepen-
dent of pH sensing and possibly competes with pH
sensing. Further investigation would be required to deter-
mine the coupling and competition mechanisms between
the two.
Finally, the expression of the motility genes in bacteria
is highly regulated to suit the environment (28). Upregula-
tion of motility is a stress response under a wide range of
conditions, including nutrient depletion in batch mode
culture (29). The tar and tsr genes are part of the flagellar
regulon (30), and their expression also changes in
response to the environment. Interesting questions, how-
ever, remain concerning the mechanism of the differential
regulation of the two receptors, which traditionally have
been placed in the same class within the flagellar regulon.
It is known that tar exists within the meche operon, which
contains the che genes, while tsr exists at an independent
locus, which may contribute to the differences in expres-
sion (28,30). Thus, changes in motility are also accompa-
nied by changes in the signal detection properties of the
bacteria, which affect the behavior of the bacteria in a
temperature gradient. One of these effects, as we demon-
strate in this work, is allowing the bacteria to shift theiraccumulation temperature gradually toward lower temper-
ature. The exact mechanism and possible benefits of such
change in the expression level of the different genes and
the resulting behavior remain speculative. However, the
wide variability we observe in the ratio Tar/Tsr might
contribute to the bacterial fitness by allowing them to
disperse in a temperature gradient in order to reduce
competition for resources. In addition, the sensitivity of
this variability to the environment suggests that attention
should be paid to this important factor in future studies
of bacterial sensing.SUPPORTING MATERIAL
Supporting Methods and six figures are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(15)00395-1.ACKNOWLEDGMENTS
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